Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

12-13-2014

Characterization of Maize Genes in Response to Aspergillus
Flavus Infection and Aflatoxin Accumulation
Matthew Constantine Asters

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Asters, Matthew Constantine, "Characterization of Maize Genes in Response to Aspergillus Flavus
Infection and Aflatoxin Accumulation" (2014). Theses and Dissertations. 1022.
https://scholarsjunction.msstate.edu/td/1022

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Automated Template B: Created by James Nail 2011V2.1

Characterization of maize genes in response to Aspergillus flavus infection and aflatoxin
accumulation

By
Matthew Constantine Asters

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Agricultural Life Sciences
in the Department of Biochemistry, Molecular Biology, Entomology, and Plant
Pathology
Mississippi State, Mississippi
December 2014

Copyright by
Matthew Constantine Asters
2014

Characterization of maize genes in response to Aspergillus flavus infection and aflatoxin
accumulation
By
Matthew Constantine Asters
Approved:
____________________________________
Xueyan Shan
(Major Professor)
____________________________________
Scott T. Willard
(Minor Professor)
____________________________________
W. Paul Williams
(Committee Member)
____________________________________
Din-Pow Ma
(Graduate Coordinator)
____________________________________
George Hopper
Dean
College of Agriculture and Life Sciences

Name: Matthew Constantine Asters
Date of Degree: December 13, 2014
Institution: Mississippi State University
Major Field: Agricultural Life Sciences
Major Professor: Xueyan Shan
Title of Study:

Characterization of maize genes in response to Aspergillus flavus
infection and aflatoxin accumulation

Pages in Study: 75
Candidate for Degree of Master of Science
Aspergillus flavus is a pathogenic fungus causing maize ear rot disease and
producing aflatoxins that are carcinogenic to humans and animals. Characterizing maize
host resistance mechanisms and prioritizing candidate resistance genes are important to
the development of resistant maize germplasm. This study investigated transcriptomics
approaches and statistics methods on the identification of maize host resistance genes.
Full-length cDNA libraries were also constructed and evaluated for gene cloning and
functional analysis. This study established important sources for functional studies on
differentially expressed genes and for identification of allelic gene forms to characterize
gene polymorphisms and facilitate the development of DNA markers.

ACKNOWLEDGEMENTS
To Dr. Xueyan Shan, I want to give thanks for welcoming me into your lab and
providing me with countless opportunities for growth as a student and as a person. I
greatly appreciate all the hard work and effort you have put forth to aid me in this
research and writing process. It has been an honor and pleasure to work under your
supervision for the past 2½ years.
I would like to thank my committee members, Dr. Scott Willard and Dr. Paul
Williams. I appreciate all the great advice and guidance throughout this process. It has
been a pleasure to work with you both and I cannot thank you enough for the
cooperation.
Lastly, I would like to thank all of my lab mates and everyone that assisted with
work in the field. It has been an honor and pleasure to get to work beside each of you
and I greatly appreciate all the assistance and support throughout this process.

ii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ................................................................................................ ii
LIST OF TABLES ............................................................................................................. vi
LIST OF FIGURES .......................................................................................................... vii
CHAPTER
I.

LITERATURE REVIEW ..................................................................................1

II.

RELATING SIGNIFICANCE AND RELATIONS OF
DIFFERENTIALLY EXPRESSED GENES IN RESPONSE
TO ASPERGILLUS FLAVUS INFECTION IN MAIZE ......................5
Abstract ..............................................................................................................5
Introduction ........................................................................................................6
Materials and Methods .......................................................................................8
Plant materials and experimental design......................................................8
RNA extraction ............................................................................................9
Quantitative real time RT-PCR..................................................................10
Preprocessing of raw RT-qPCR data .........................................................11
Statistical analysis of RT-qPCR data .........................................................12
Correlation analysis and the illustration of Pearson’s coefficient .............12
Network analysis ........................................................................................13
Results ..............................................................................................................14
Aflatoxin concentrations in mature kernels of the resistant and
susceptible maize inbred lines .......................................................14
Quantitative RT-PCR assays......................................................................15
Identification of differentially expressed genes in RNA transport
pathways ........................................................................................25
Correlations in gene expression between the tested maize genes ..............29
Determination of the roles and relations among the tested genes in
the empirical gene expression network ..........................................33
Discussion ........................................................................................................35

iii

III.

CONSTRUCTION OF CDNA LIBRARIES FOR CLONING OF
GENES ASSOCIATED WITH RESISTANCE TO
ASPERGILLUS FLAVUS INFECTION AND AFLATOXIN
ACCUMULATION IN MAIZE INBRED LINES .............................39
Abstract ............................................................................................................39
Introduction ......................................................................................................40
Materials and Methods .....................................................................................43
Plant materials and experimental design....................................................43
RNA extraction ..........................................................................................43
mRNA purification ....................................................................................44
cDNA library synthesis ..............................................................................45
Synthesizing first strand .......................................................................46
Second strand reaction .........................................................................46
Ligating the attB1 Adapter...................................................................47
Size Fractionating cDNA by Column Chromatography ......................47
Performing the BP recombination reaction..........................................48
Preparing for transformation ................................................................48
Transforming ElectroMAX™ DH10B™ T1 Phage Resistant
Cells .........................................................................................48
Performing the plating assay ................................................................49
Picking of colonies and storage of libraries ...............................................49
Plating assay.........................................................................................49
Preparation of 384 well plates..............................................................49
Picking .................................................................................................50
Printing (gridding) ...............................................................................50
Library Screening by Hybridization ..........................................................51
Hybridization buffer.............................................................................51
Overgo Probe Preparation ....................................................................51
Prehybridization ...................................................................................51
Hybridization .......................................................................................52
Washing/Developing............................................................................52
Identification of Colonies ....................................................................52
Sequencing ...........................................................................................52
Analysis of Sequencing Data ...............................................................53
Results ..............................................................................................................54
Construction of six cDNA libraries ...........................................................54
Sequencing analysis on the randomly selected cDNA clones from
Mp313E cDNA library ..................................................................55
Analysis of polymorphisms in maize genes...............................................56
Screening of cDNA libraries for targeted differentially expressed
maize genes ....................................................................................58
The cDNA clone sequence picked by hybridizing with the
BE050050 probe ............................................................................60
Discussion ........................................................................................................69
iv

REFERENCES ..................................................................................................................71

v

LIST OF TABLES
2.1

Aflatoxin concentrations in mature kernels of the six maize inbred lines
used in this study ....................................................................................15

2.2

Primer sequences and PCR efficiencies in RT-qPCR reactions ........................17

2.3

Grouping by functions of the analyzed maize genes obtained from
database searching ..................................................................................20

2.4

P values obtained by using analysis of variance (ANOVA) for all tested
genes between different contrasting groups ...........................................27

vi

LIST OF FIGURES
2.1

An overview on the RT-qPCR gene expression data for the candidate
genes after normalized with the reference gene GAPDH ......................26

2.2

Correlogram displays of correlation matrices for gene expression data ............30

2.3

An eigenvector plot displaying the correlations on gene expression
values among the significant candidate genes. .......................................32

2.4

Network graphs showing the empirical relational structures revealed
from the gene expression data ................................................................35

3.1

Experimental summary diagram of cDNA library construction
procedures from the manufactory user’s manual of the
CloneMiner™ II cDNA Library Construction Kit. ................................45

3.2

Visualization of the sizes of the cDNA inserts from fourteen selected
cDNA clones on a 1% agarose gel .........................................................54

3.3

A chromatogram example (MA_S1-M13F) from the sequenced cDNA
clones. .....................................................................................................55

3.4

A chromatogram example (MA_S3-M13F) from the sequenced cDNA
clones. .....................................................................................................56

3.5

cDNA sequence alignment from Mp313E and B73 showed SNP
markers ...................................................................................................57

3.6

cDNA sequence alignment from Mp313E and B73 showed SNP
markers ...................................................................................................58

3.7

Hybridization Analysis showing membrane was hybridized with maize
overgo probes .........................................................................................59

3.8

Hybridization analysis showing one sixth of a whole memberane was
hybridized with maize overgo probes ....................................................59

3.9

Hybridization of BE050050 probe resulting in the lower dark signal. ..............60

vii

3.10

Physical mapping of MA_S21 gene sequence indicates that it is located
at the chr 4.05 region ..............................................................................61

3.11

Alignment of MA_S21 gene with four hit maize cDNA sequences from
Genbank. ................................................................................................62

viii

CHAPTER I
LITERATURE REVIEW

Plants have developed highly effective defense mechanisms to resist plant
diseases caused by microbial pathogens including fungi, bacteria, and viruses 1. The
interactions between plants and microbes provide the basis of the co-evolution of plant
host resistance with the virulence genes from microbial pathogens. During the microbial
infection of plants, the pathogens release effectors which are the protein products of the
virulence genes to cause the pathogenic infection and plant diseases. In response to the
pathogenic effectors, plants develop resistance genes that encode resistance proteins to
recognize the effectors, limit the growth of pathogens, and restrain the expansion of plant
diseases. In the plant-microbe interactions that plant resistance genes have been
established, virulence genes of the pathogens become avirulence genes to the host plants.
The avirulence gene products are recognized by the host plant resistance genes and
trigger a cascade of host plant defense responses that consequently prevent the
development of plant diseases. Therefore, plant host resistance evolves from the host
plant-microbe interactions and conveys the ability of mounting defense responses upon
the attack of pathogenic microbes.
Plant resistance genes have been characterized from many crops and proven to
deliver resistance to various types of plant pathogens. Studies on the qualitative genes
and quantitative trait loci for resistance in maize have revealed a number of resistance
1

genes and loci in the maize genome that confer resistance to maize viral, bacterial, and
fungal pathogens 2. For instance, maize dwarf mosaic virus (MDMV) resistance gene
mdm1 is located on maize chromosome 6 3. Southern corn leaf blight resistance gene
rhm1 is located in the same bin region of maize chromosome 64. Resistance QTLs for
Fusarium stalk rot have been mapped to maize chromosomes 1, 2, 3, 4, 5, and 105.
Recent studies have focused on the molecular mechanisms of plant disease resistance that
involve transcriptional regulators, transcription factors and gene expression analysis 6.
Resistance genes that encode for membrane-bound resistance (R) proteins have been
cloned and characterized. R proteins share similar structures of two signature domains,
receptor-like kinase and intracellular nucleotide binding-leucine rich repeat (NB-LRR).
They recognize the structural features of various pathogenic effectors and subsequently
trigger the host plant resistance responses to pathogen infections.
Identification of plant host resistance genes for economically important microbial
pathogens is critical to the improvement of worldwide crop production. Aspergillus flavus
is a fungal pathogen causing the maize ear rot disease and producing aflatoxin
contamination in maize products. Aflatoxins are the most potent mycotoxins including
the individual aflatoxins AFB1, AFB2, AFG1, AFG2, and AFM1. AFB1 and AFM1 have
severe acute and carcinogenic health effects to humans and animals. Aflatoxins are
produced by certain species in the fungal genus Aspergillus, most notably by A. flavus
and A. parasiticus. Aflatoxins accumulate during the fungal colonization when the
pathogenic Aspergilli infect oily-seed crops such as maize, peanuts, and cotton. Due to
the severe health effects of aflatoxins, the Food and Drug Administration (FDA) has set
restrict levels for human exposure of 20 ppb for food and dairy products. The
2

colonization of Aspergilli and the consequent aflatoxin accumulation most favorably
happen in high heat and drought conditions. In Mississippi and the southeastern states, A.
flavus infection in corn is a chronic problem in the corn growth season. Consequently, all
corn produce is required to be tested from harvest for the assessment of aflatoxin
contamination. The potential economic losses due to excessive aflatoxin levels present in
corn are major concerns for farmers in the southeastern states 7. Identification of maize
host resistance genes and generation of maize lines resistant to aflatoxin accumulation
have been in the focus of maize disease resistance research.
Several maize inbred lines have been developed from natural resistance sources of
resistance germplasm exhibiting significantly reduced aflatoxin levels in mature maize
kernels8 9 10. Maize inbred lines Mp313E and Mp715 are two of the most important maize
resistant inbred lines and the primary resistance donors in the breeding programs of Corn
Host Plant Resistance Research Unit (CHPRRU). The maize host resistance to A. flavus
infection and aflatoxin accumulation is a quantitative trait controlled by many genes.
Progresses have been made to improve maize host plant resistance by marker-assisted
breeding. From genetic research on the maize resistance, major resistance quantitative
trait loci (QTLs) and a number of candidate resistance genes have been identified11 12.
The candidate resistance genes were identified from the differential expression analysis
through a microarray method12. The microarray analysis was conducted on developing
kernels collected from two resistant maize inbred lines (Mp313E, Mp04:86) in contrast to
two susceptible inbred lines (Va35, B73). Differentially expressed genes selected from
the microarray analysis were further investigated by quantitative RT-PCR analysis with
Mp313E and Va35 in a separate experiment.
3

Genes highly expressed in the resistant maize inbred line Mp313E were identified
from the microarray experiment12. Among the highly expressed genes found in Mp313E,
TC231674 encodes a NUP85-like gene that belongs to the nuclear pore complexes
(NPCs). TC237311 and BM078796 encode heat shock proteins (HSPs). HSPs are
molecular chaperones to prevent from mis-folding of proteins. BM379345 is a
metallothionein like protein (MTLP) that binds and detoxifies heavy metal ions.
BE050050 is an uncharacterized gene. TC238832 encodes a lecithin cholesterol
acyltransferase (LCAT)-like protein. BM498943 encodes ethylene responsive protein
(ETHRP). TC207503 encodes a prenylated rab acceptor (PRA1) family protein. PRA1
proteins are small transmembrane proteins that regulate vesicle trafficking. Differentially
expressed genes high in the susceptible line Va35 were also identified from the
microarray experiment. Among them, AI664980 is a glycine-rich RNA binding protein
family (GRBP2). RNA binding domains (RBD) are associated with post-transcriptional
processes. BG266083 encodes a heat shock protein (HSP). TC234808 is the ribosomal
protein L30 associated with pre-mRNA splicing regulatory activity.
Based on previous studies, many genes and loci are potentially involved in the
maize host resistance to A. flavus infection and aflatoxin accumulation. To better
understand the complex host-pathogen interaction and to reveal the molecular
mechanisms underlying the maize host resistance, this research has focused on the
identification and cloning of candidate resistance genes through various transcriptomics
approaches. Development of novel approaches that support efficient and accurate
characterization of maize quantitative resistance genes is important for the generation of
gene-specific markers to facilitate molecular breeding of resistant maize germplasm.
4

CHAPTER II
RELATING SIGNIFICANCE AND RELATIONS OF DIFFERENTIALLY
EXPRESSED GENES IN RESPONSE TO ASPERGILLUS FLAVUS
INFECTION IN MAIZE

Abstract
Aspergillus flavus is a pathogenic fungus infecting maize and producing
aflatoxins that are health hazards to humans and animals. Characterizing host defense
mechanism and prioritizing candidate resistance genes are important to the development
of resistant maize germplasm. We investigated methods amenable for the analysis of the
significance and relations among maize candidate genes based on the empirical gene
expression data obtained by RT-qPCR technique from maize inbred lines. We optimized
a pipeline of analysis tools chosen from various programs to provide rigorous statistical
analysis and state of the art data visualization. A network-based method was also
explored to construct the empirical gene expression relational structures. Maize genes at
the centers in the network were considered as important candidate genes for maize DNA
marker studies. The methods in this research can be used to analyze large RT-qPCR
datasets and establish complex empirical gene relational structures across multiple
experimental conditions.
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Introduction
The fungus Aspergillus flavus causes maize ear rot and produces aflatoxins which
are potent health hazards to humans and animals13. Enhancement of maize host plant
resistance to A. flavus infection is desirable to reduce aflatoxin contamination at the preharvest stage of maize production. The host plant resistance in maize to A. flavus
infection is a quantitative trait involving co-expression of many genes11 12 14.
Identification of controlling genes and their empirical network relations is essential to the
development of DNA markers and the transfer of maize resistance into elite commercial
maize lines.
Plants have developed multiple defense mechanisms against pathogen invasion15.
An early event in the defense responses is triggered by the pathogen molecules that carry
pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharides and
ssRNA16 17. PAMP-triggered immunity (PTI) is activated to control the spread of
pathogen at the infection site18. A further event of defense responses happens when
pathogens release effectors into the host plant cells to overcome the first defense system
and enable the parasitic infection. In some cases the pathogen effectors can be recognized
by specific host plant resistance proteins (R proteins) and the effector-triggered immunity
(ETI) is activated to turn on the systemic defense mechanism for elevated resistance in
the whole plant19 20 21. Both the PAMP-triggered immunity (PTI) and the effectortriggered immunity (ETI) in plants are associated with the activation or repression of
specific plant defense-related genes. The RNA transport pathway protein complexes are
critical in the regulation of gene expression and activation for effective plant defense
responses1 22 23.
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RNA transport pathways comprise various protein complexes that regulate gene
expression and nucleocytoplasmic trafficking. RNAs are transcribed in the nucleus and
transported across the nuclear membrane with the help of specific protein complexes in
RNA transport pathways24. Specific RNA molecules are transported through well-defined
pathways. The transport of messenger RNAs (mRNAs) is different from that of
ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), or small nuclear RNAs (snRNAs).
For instance, protein complexes such as cap binding complex (CBC), spliceosome,
transcription-export complex (TREX), exon-junction complex (EJC), and translation
initiation factors (eIFs) are involved in the serial of events associated with the transport
and translation of mRNAs. On the other hand, importins, exportins, Ran-GTP related
protein complex, and the survival mortor neuron complex (SMN) are involved in the
transport of rRNA, tRNA, and snRNA molecules25 26 27. Nevertheless, all RNAs are
transported across the nuclear membrane through interactions with the nucleoporins in
nuclear pore complexes (NPCs)28 29. In fact, components of RNA transport pathways
interlink in functions and overlap with the pathways of nucleocytoplasmic trafficking for
all macromolecules including proteins. The nucleocytoplasmic trafficking pathways are
fundamental for normal cell functions as well as plant defense responses30.
Studies have demonstrated that RNA transport pathway genes play direct roles in
plant defense systems. Several reports have shown that nucleoporins directly regulate the
transport of R proteins. Mutations in certain nucleoporins reduce the nuclear
accumulation of specific R proteins and hence compromise resistance6 31 32. The
expression patterns of maize RNA transport pathway genes and their relations in response
to A. flavus infection have not yet been reported. Identification of maize defense-related
7

genes, their regulatory roles, and expression relations responding to A. flavus infection in
the empirical gene expression network is most important for maize resistance breeding.
The advance of quantitative real time PCR (RT-qPCR) technique makes it possible to
precisely describe gene expression patterns and compare the changes in gene expression
levels33. In contrast to the comprehensive genome wide microarray and RNA sequencing
techniques, RT-qPCR provides a powerful and flexible tool which allows focusing on
individual pathways across a wide range of experimental conditions with remarkable
sensitivity, specificity, and accuracy34. Although a number of RT-qPCR analysis
packages are available, they vary widely in terms of algorithms and capacities for data
analysis. Appropriate analysis procedures that are tailored to perform comprehensive
quantitative analysis of RT-qPCR data are needed to conduct rigorous statistical analysis
and make inferences from gene expression data35. The objectives of this study were to
explore and select appropriate methods for analysis of RT-qPCR gene expression data
and investigate the expression of maize RNA transport pathway genes in response to A.
flavus infection in selected resistant and susceptible maize inbred lines. Particularly,
construction of empirical gene expression relational structures was investigated in order
to identify candidate genes that play important roles in maize host resistance to A. flavus
infection.
Materials and Methods
Plant materials and experimental design
Six maize inbred lines (Mp718, Mp719, Mp04:104, Mp04:85, Mp04:89, and
Va35) were used in this experiment. Five of them (Mp718, Mp719, Mp04:104, Mp04:85,
and Mp04:89) were recombinant maize inbred lines obtained by eight generation selfing
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from F2 plants of a cross of Mp715 x Va35 and were selected against aflatoxin
accumulation under Aspergillus flavus inoculation in field conditions. The maize inbred
line seeds were maintained by the United States Department of Agriculture, Agricultural
Research Service, Corn Host Plant Resistance Research Unit (USDA-ARS-CHPRRU) at
Mississippi State University. Mp718, Mp719, and Mp04:104 were maize inbred lines
showing resistance to Aspergillus flavus infection and aflatoxin accumulation. Mp04:85,
Mp04:89, and Va35 were susceptible to Aspergillus flavus. All maize lines were planted
at the R. R. Foil Plant Science Farm at Mississippi State University. The experimental
design was a randomized complete block design including three replications and two
treatments (inoculated and un-inoculated with A. flavus) for each maize inbred line and
two sample collection time points (2 and 7 days after inoculation). All primary ears were
self-pollinated. Fourteen days after pollination, the inoculation of A. flavus was
performed using the A. flavus strain NRRL 3357 (ATCC # 200026; SRRC 167). The
procedure of fungal culture preparation and the fungal inoculation with side-needle
technique were the same as described previously36. Two and seven days after inoculation,
which was 16 and 21 days after self-pollination, developing kernels from inoculated and
uninoculated primary ears were collected for RNA preparation. All remaining primary
ears from each plot were harvested at maturity and processed for measurement of
aflatoxin concentrations as previously described37 38.
RNA extraction
Developing kernels were collected from the resistant maize inbred lines (Mp718,
Mp719, Mp04:104) and the susceptible maize inbred lines (Va35, Mp04:85, and
Mp04:89), flash frozen in liquid nitrogen in the field, and stored at –80°C for further
9

analysis. Total RNAs were isolated from the kernels using the BioRad Aurum™ Total
RNA Fatty and Fibrous Tissue kit. Frozen kernels were ground into powder under liquid
nitrogen and combined with PureZOL for disruption. Chloroform was added to the
sample for extraction of the aqueous phase containing the RNA. The sample was
subjected to DNase I treatment and followed by a series of washes and centrifugation
steps with solutions provided with the kit. Upon completion, total RNA concentrations
were determined using a NanoDrop® ND-1000 Spectrophotometer. The Quality control
assessments of total RNA was performed with an Agilent 2100 Bioanalyzer. RNA
samples with a QC value RIN >8 were used for cDNA synthesis.
Quantitative real time RT-PCR
ThermoScript RT-PCR system (Invitrogen, #11146-024) was used for cDNA
synthesis. RNA was combined with Oligo(dT) primer, 10mM dNTP Mix, and DEPCtreated water and incubated for 5 minutes at 65ºC. A master mix was created using 5X
cDNA Synthesis Buffer, 0.1 M DTT, RNaseOUT™, DEPC-treated water, and
ThermoScript™ RT, and added to the reaction mixture. This mixture was incubated at
50ºC for 45 minutes for the completion of successful cDNA synthesis. RT-qPCR
analysis was conducted using a Roche LightCycler 480 instrument (Roche Applied
Science) with the standard 96-well block. LightCycler 480 SYBR Green I Master kit
(Roche Applied Science, #04 707 516 001) was used for the RT-qPCR reactions. Fifty
genes were selected from the RNA transport pathways, and primers were designed using
the Primer3 software39 40 (Table 2.2). Sixteen previously identified candidate genes were
also included in this study and the sequences of these primers (Table 2.2) were same as
described before12. The housekeeping gene, Zea mays glyceraldehyde-3-phosphate
10

dehydrogenase (GAPDH) was used as the reference gene in this study. The choice of the
reference gene has been determined in a previous study12. Standard curve assays were
performed for each pair of primers by creating a three-fold dilution scheme for each
sample to calculate the PCR efficiency. A total of 72 cDNA samples including six maize
inbred lines(pedigree), three replications(rep), two treatments(inoc), and two time
points(DAI) were loaded onto each 96-well PCR plates for whole plate assays with one
plate for each tested gene. A negative check with a ddH2O sample was included on each
plate. The RT-qPCR program was as the following: 1) 1 cycle of 95°C for 5 min; 2) 45
cycles of 95°C for 10 sec, 60°C for 15 sec, 72°C for 15 sec; 3) 1 cycle of 95°C for 5 sec,
65°C for 1 min, 97°C at continuous; 4) 1 cycle of 40°C for 10 sec. The mixture used for
the RT-qPCR reactions was as follows: 0.5µl forward primer (10uM), 0.5 µl reverse
primer (10uM), 3 µl SYBR Green I Master Kit Enzyme mix, 5µl DEPC-treated water,
and 1µl of cDNA.
Preprocessing of raw RT-qPCR data
The R statistical programming language (R Development Core Team 2008) was
used to develop scripts for both the preprocessing of raw RT-qPCR data and the
subsequent ANOVA analysis in this study. To enable the high-throughput processing and
analysis of RT-qPCR data, we developed R scripts specific for the acquisition and
preprocessing of raw RT-qPCR data from Roche output files which were in tab-separated
plain text format. The preprocessing of raw data included the following steps: 1) The RTqPCR cycle threshold values (designated as CP value in output files from Roche
instruments and represented in this manuscript as Cq in line with the MIQE guidelines41
were batch-extracted from all output data files for the whole plate assays and standard
11

curve assays, 2) R-squared values from the linear regression analysis of the standard
curve data for each gene were calculated, 3) The r-squared values were used as the PCR
efficiencies for calculation of the gene expression Cq values, 4) The Cq values of the
reference gene were subtracted from the Cq values of the targeted genes for the
normalization with the reference gene, and 5) the maximum Cq value of each gene was
subtracted from all the Cq values for that gene to get the relative delta Cq values which
were used as gene expression values for the subsequent statistical analysis.
Statistical analysis of RT-qPCR data
Statistical analysis was performed with R scripts. Boxplots were used to visualize
the summary of the descriptive statistics for gene expression data, including the median,
spread and outliers. Scatterplots were used to display the gene expression data for each
gene over 72 samples. Analysis of variance (one way-ANOVA) was used for the test of
null hypothesis on gene expression data among different treatments including resistance
versus susceptibility (res), pedigree, inoculation status (inoc), res by inoc, and pedigree
by inoc in order to identify the sources of variation. The test of null hypothesis was based
on the F-ratio which was the Mean Square between the groups (MSG) to Mean Square
within the group (MSE). The significance level was determined at p<0.05. The ANOVA
analysis was performed using the corresponding functions in R.
Correlation analysis and the illustration of Pearson’s coefficient
Pearson’s coefficients were calculated on the gene expression data between all
pairs of genes for the correlation analysis. The R package “Corrgram” was used to
display the correlations between the selected pairs of genes either by using a
12

“correlogram” or a coefficient eigenvector plot42. A correlogram was a direct visual
display of the matrix of Pearson’s coefficients that were calculated from the gene
expression data. By this method, correlations between genes were displayed by grouping
genes that have similar expression patterns, and the values and signs of the correlations
were visualized schematically in numbers and color-coded pie graphs. The pie graphs
were filled in proportion to the Pearson’s coefficient values, clockwise for positive
correlations (in blue) and anti-clockwise for negative correlations (in red). The
eigenvector plot showed the ordering of variables according to the angles formed by the
two gene eigenvectors. The magnitude (length) of the eigenvectors represented the largest
variance in the coefficient values for each gene. The angles between the eigenvectors
represented the closeness between genes in terms of expression correlations. Gene
eigenvectors placed close to each other were more similar in the expression patterns and
hence were more positively correlated.
Network analysis
Network analysis was performed following the manual of the R packages “sna”
and “network” (Butts, C.T. Statnet Project http://statnetproject.org). Principal component
analysis was performed on the mean values (by replication) of gene expression data. The
scores of the first two principal components (designated as pc1 and pc2, respectively)
were used to calculate the Euclidean distance values between all pairs of genes. The
resulting Euclidean distance matrix was used to construct the network. Network graphs
were generated to display the empirical relations and roles among the RNA transport
pathway genes and other candidate genes. The vertices were color-coded to represent
different gene groups. The genes at the centers (namely hubs) and the genes connecting
13

the centers in the network were considered as potentially important candidate genes for
future DNA marker studies.
Results
Aflatoxin concentrations in mature kernels of the resistant and susceptible maize
inbred lines
The selected maize inbred lines used in this study were recombinant inbred lines
developed from F2 plants of the cross Mp715 x Va35. There were two identical copies
for each gene in each maize inbred line. Only up to two different alleles for each gene
were present among all the six maize inbred lines because they were offspring lines from
a single cross. To determine the resistance or susceptibility of each maize inbred line,
aflatoxin accumulation was evaluated using the mean values of aflatoxin concentrations
per 50 g ground mature kernels. Aflatoxin concentrations of the six maize inbred lines
(Mp718, Mp719, Mp04:104, Mp04:89, Mp04:85, and Va35) were evaluated along with
other maize inbred lines planted in the field. Each maize inbred line had three replications
and was subjected to two treatments (inoculated and non-inoculated with A. flavus).The
six maize inbred lines exhibited four levels of aflatoxin accumulation (Table 2.1).
Mp719 exhibited the highest level of resistance among the six maize inbred lines with a
significantly low value of aflatoxin concentration (53 ng/g). The susceptible maize inbred
line Va35 was highest in aflatoxin concentration with a mean value of 1821 ng/g. The
significance levels in the differences of aflatoxin accumulation levels among the tested
maize inbred lines have been consistent over field trials for multiple years (Williams
2006; Williams and Windham 2012).
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Table 2.1

Aflatoxin concentrations in mature kernels of the six maize inbred lines
used in this study

Pedigree

Host Plant
Response

Treatment

Va35

Susceptible

Inoculated
Uninoculated

Mp04:85

Susceptible

Inoculated
Uninoculated

Mp04:89
Mp04:104
Mp718
Mp719

Susceptible
Resistant
Resistant
Resistant

Alfatoxin
(ng/g)

Level*

1821

a

≈1
1594

ab

≈1

Inoculated

1236

Uninoculated

≈1

Inoculated

255

Uninoculated

≈1

Inoculated

199

Uninoculated

≈1

Inoculated

53

Uninoculated

≈1

ab
c
c
d

*Means followed by the same letter do not differ at p=0.05(Fisher’s Protected LSD).
Test of significance were performed on transformed value (log(Y+1)).
Quantitative RT-PCR assays
Total RNA samples were prepared from developing kernels of the six resistant
and susceptible maize inbred lines resulting in a total of 72 samples. Quantitative RTPCR analysis and standard curve assays were performed and PCR efficiencies were
calculated (Table 2.2). Test of RT-qPCR primers was performed on a total of 66 maize
genes initially, including 50 RNA transport pathway genes and 16 differentially
expressed candidate genes identified from previous studies12. Out of the 66 RT-qPCR
primer evaluation assays, 56 gene primers yielded RT-qPCR data of good quality with a
PCR efficiency >0.9 (Table 2.2) and therefore were included for the subsequent whole
plate data analysis. The primer sequences for the selected RNA transport pathway genes
were listed in Table 2.2. The gene IDs and functions of all the 56 tested genes were listed
in Table 2.3. There were three whole plate assays for the reference gene GAPDH.
15

Missing values in one GAPDH assay were corrected by calculation of the corresponding
values from the other GAPDH assays.
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Forward

GTACGCCCATTTACCCTGAA

GGACGAAGTGGTGGACAAGT

GCTTCAGGATTCCAAAACCA

AGGCTGACTGTGCTGTCCTT

GAAAGAACGAGGCTGACGAC

CGAGGCCTTCAAGCTCATAG

GAGGACCTTGCGAACAAGAG

GGTCGATTTTGGGAGGATTT

GGACCACTCAACCTCTCCAA

TTGGGTGTTGATGTCCTTGA

GGGTTCTCCGGTGAGTATGA

TCTATGCGATGCCTATGCTG

CAGGAGGATCATCCAGGAGT

CACCACCTGGAGGAGAAAAA

GCGAACTGGGTGCATATCTT

TGAAACACAAACAGGCTTGG

CCTGATCATGCAGAATGGTG

ACIN1

CBC

CRM1

eEF1A

eIF1

eIF2

EIF4A3

eIF4E

eIF5

eIF5B

Gemin2

IPOB

MAGOH

NMD3

Nup53

Nup62

Nup85

CCAAGCAGCCCTTAAACTTG

TCATGCTCCACAACTTCTGC

TCCCCTGGTAGTTCTCGTTG

TCTTCCCGAAATCTGACACC

GTCCTTGCTGGACTGGACAT

ATAATATGCGGAGCGAATGG

AGATCCCCATTTCTGTGTGC

GAAGCTCCTCTGCTGCTCAT

CTCCTCAGTGGACAGCATCA

CATCACAGCCTGATGGTCTG

GGTTCCGTCATGAACTTGCT

CTTGAGAGGCTGTGGTGTCA

TCCACACCTTCTTGTGCATC

ACGTGCCTTGGAGTATTTGG

TAGACCATCAACCGCACAAA

CTCATAGGGAGGTGGTGCAT

ATTCGGCGACCAACTTATTG

Reverse

Primer sequences and PCR efficiencies in RT-qPCR reactions

Primer

Table 2.2
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0.9788

0.9770

0.9937

0.9706

0.9774

0.9557

0.9014

0.9992

0.8817

0.9849

0.7357

0.9231

0.9454

0.9536

0.9814

0.9857

0.9837

PCR Efficiency
(r-squared values)*

CTCTGTGCATCCTGTCCTCA

ACGGCAGCATCAAATTTTTC

ACGGCAGCATCAAATTTTTC

GGATGCTGTGGTGTATGACG

GTGCCACTTCTGCCTTCTTC

TGCTATGATACCCCCTCAGC

CTCTACACCTTCGCCGACAT

CCCGAATTTGGTGAGAAGAA

TTGGGAAAGCCTGGTTACTG

ACAACCGGAATCATCTGCTC

ATTCAAATGCCACAGGGAAG

AGAGAAGTTTGGTGGCCTCA

AAGCTGACCTTGGCTGAAAA

CAGAAGTTGGGGAGCTCAAG

AAGAGGTTGCTCTTCCAGCA

GCTTGTCTCAGGAGGGTTTG

GCAAACGATGTTTGGTTGTG

GATGGCAACGAGGTGTTCTT

Nup88

Nup96

Nup98

Nup133

Nup160

PABP

pIcln

Pinin

PRMT5

PYM

Rae1

Ran

RanGAP

Ref/Aly

SAP18

Sec13

SPN1

SUMO

Table 2.2 (continued)
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TCCTCCATCTCCAGCTCATC

AAATGCAATCGAGGATGGAG

ATGACAACCTTCCCGTCTTG

CATGATTGCAACGCTCAAGT

TGGTTCGACATTGTTTCCAA

TTCAGCTGCACAAAATCTGG

ATTACCGCAGAGGACAATGG

TACTGCAAGGAATGGGAAGG

GCTCCTTAAGCCATCCATCA

GAAATCCCATCAGGCTTCAA

TCTGCAATTTGCTCACGTTC

TCCTGGTGGTGAGGTAAAGG

TCCAGCTCCACGCCTAATAC

CAGCAACAATGACTGGCAAC

TTCCTTGCCCCTAATCACTG

AGTCACCTCTGCAGCCTTGT

AGTCACCTCTGCAGCCTTGT

CTTCCAACCCTTCATCTCCA

0.9480

0.9660

0.9965

0.9763

0.9829

0.9782

0.9519

0.9829

0.9711

0.9819

0.9966

0.9282

0.9301

0.9693

0.9776

0.9774

0.9811

0.9855

GACCTGGTGTCGAGGGAATA

CTATGGAGCAAACGCACTCA

GATGTCTCTGCACCTCGTCA

AACTGATTTGAAGGCGGAGA

CTACGTCGGGATCCACAGTT

GTTCCCTCAGGGTTTCTTCC

CATGGGTGGAGTAAGGCTGT

CGACTTACTTGGTGACAGCAG

AGAATCGATCCGCCAAGTTA

TACCACAGCAGAGCAACCAC

CTGACACAAAGCGACCTTCA

CCGTGGAAATGTGGTAATCC

CTTTGCATCACAAAGCTCCA

TTTTCTCCACCTCGGTCTTG

TTCACACACACCACACAATACC

CTCTGTATTGGCCCACGACT

GGCTGATGCAATAAGGTGGT

ATAGCAGCCATCCTCCATTG

TEX1

TGS1

THOC5

THOC7

UAP56

UBC9

Urn

GAPDH

AI065864

AI065909

AI664980

BE050050

BG266083

BM078796

BM379345

BM498943

CA399536

CD443591

Table 2.2 (continued)
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GGGAAGAACATCCCCTTGAT

TTGTTGCCATTCTACCCACA

AATTGTCGAGGTCGGAGATG

CTGCAACTGTTGATCCCATC

AGCGTGAGCTCCTACGACAT

GGTGAGGAAGAGCAAATGGT

ATCCACGTCAACCATCTTCC

ATCCTGTTCGCTACCGTGTT

ATCTCCGGCTGAAGAAGACA

AGGTTGCAACGCTATTGGTC

CGCCATCCACATTTATTCTCG

TTCGCGTCCCAGAATTTTAC

AGGTGATAGCCATCCGTTTG

GTTTTCCCCATCCCAGATTT

TCCCTTCTTCCATGCTCATC

CCCGGATACTTCGTCTGAAA

TGCCAGCAGAGTAGATGGTG

CTGTGTGGCCTTTCAGTTCA

0.993

0.9893

0.9957

0.996

0.9958

0.9984

0.9589

0.9989

0.9858

0.9942

0.9713

0.9521

0.9221

0.9750

0.9504

0.9160

0.9461

0.9654

AACGGTCAGAATTGGAGTGC

GGGCTTCTTGTTGTGCTCTC

TGAGGATCATGGAGGAGGAC

AGACATGGGATACCGAGACG

ATGATGGGAGGCTGACTTTG

TC223736

TC231674

TC237311

TC238832

TC247683

TCTCAGCGAAATTCATCGTG

AGCTCCATCAGCTCCTTGAA

CCACATTCACGGGCTTATCT

TTAAAGCGCTGCCTTATTCC

GACGACGCAACAGATCTCAA

TCTTGAAGGATCGTGTGCTG

Table 2.3

0.9765

0.9995

0.9932

0.9469

0.9873

0.98

Function
nuclear pore complex protein Nup53
nuclear pore complex protein Nup62
nuclear pore complex protein Nup85
nuclear pore complex protein Nup88
nuclear pore complex protein Nup98-Nup96
nuclear pore complex protein Nup98-Nup96

Gene ID
Nup53*
Nup62*
Nup85
Nup88*
Nup96
Nup98

Grouping

Nuclear Pore Complex(NPC)

Grouping by functions of the analyzed maize genes obtained from database searching

* To calculate RT-qPCR efficiency (E), use formula E = (1+ rsquared value).

AAACGCCATTGCACATTACA

TC207503

Table 2.2 (continued)
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nuclear pore complex protein Nup160
mRNA export factor
GTP-binding nuclear protein
Ran GTPase-activating protein 1
protein transport protein SEC13
small ubiquitin-related modifier
ubiquitin-conjugating enzyme E2 I

Nup160*
Rae1
Ran*
RanGAP
Sec13*
SUMO*
UBC9*

importin subunit beta-1
chloride channel, nucleotide-sensitive, 1A
protein arginine N-methyltransferase 5
snurportin-1
trimethylguanosine synthase
serine-threonine kinase receptor-associated protein

IPOB*
pIcIn*
PRMT5*
SPN1*
TGS1*
Urn

survival of motor neuron protein-interacting protein 1

nuclear pore complex protein Nup133

Nup133*

Gemin2
Survival Mortor Neuron Complex(SMN)

Table 2.3 (continued)
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Exon-Junction Complex(EJC)

Translation Initiation Factors
(EIFs)

Table 2.3 (continued)
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nuclear cap-binding protein subunit 2
exportin-1
elongation factor 1-alpha
translation initiation factor 1A
translation initiation factor 2 subunit 1
translation initiation factor 4E
translation initiation factor 5
translation initiation factor 5B
polyadenylate-binding protein
apoptotic chromatin condensation inducer in the nucleus
ATP-dependent RNA helicase
protein mago nashi
pinin_SDK_memA domain family protein
THO complex subunit 4

CBC
CRM1
eEF1A
eIF1
eIF2
eIF4E
eIF5
eIF5B
PABP
ACIN1
EIF4A3
MAGOH*
Pinin
Ref/Aly*

ATP-dependent RNA helicase UAP56/SUB2

UAP56

THO complex subunit 5

THOC5

Metallothionein-Like Protein (MTLP)
Ethylene Responsive Protein (ETHRP)

BM379345*
BM498943
CD443591*

Heat Shock Protein 26 (HSP26)

BM078796

BE050050*

AI065909

THO complex subunit 7
NPCs-NUP85 like, RNA Transport

THO complex subunit 3

Tex1

THOC7*
TC231674*
Genes Associated with Mp313E(RES)

partner of Y14 and mago

PYM

nonsense-mediated mRNA decay protein 3

histone deacetylase complex subunit

SAP18*

NMD3
Trasncription-Export Complex(TREX)

Table 2.3 (continued)
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CA399536*
* P values were obtained by performing ANOVA on the RT-qPCR data. The significance level is p value < 0.05.

Heat Shock Protein 18a(HSP18a)

BG266083*

Lecithin choesterol acyltransferase (LCAT)

TC238832*

Glycine Rich RNA Binding Protein2 (GRBP2)

Heat Shock Protein 101 (HSP101)

TC237311

AI664980*

Heat Shock Protein 90 (HSP90)

TC223736

Exonuclease-Endonuclease-Phosphatase (EEP)

Prenylated Rab Acceptor (PRA1)

TC207503

TC247683*
Genes Associated with Va35(SUS) AI065864*

Table 2.3 (continued)

24

Identification of differentially expressed genes in RNA transport pathways
The relative delta Cq values obtained from preprocessing the raw RT-qPCR data
were used as the gene expression values for the subsequent descriptive statistical
analysis, analysis of variance (ANOVA), correlation analysis, and network analysis.
Summary of the distributions of the gene expression values were presented by boxplots in
Figure 2.1A with the median, spread and outliers showing for each gene. Large amount
of outliers in the expression values from RNA transport pathway genes were observed.
Since there were only up to two different alleles for each gene being involved in all 72
samples, the abundant expression variations observed in these genes indicated that
different gene regulating patterns existed in these maize recombinant inbred lines.
Scatterplots were used to evaluate if there were any trends present in the regulating
patterns for each gene related to resistant or susceptible maize inbred lines (Figure 2.1BE). Four examples were shown in Figure 2.1B-E regarding the regulating trends in gene
expression patterns discovered in this study. A translation initiation factor gene eIF5B
appeared to express consistently among samples (Figure 2.1B). The nucleoporin Nup133
gene had significant variations in gene expression values with down-regulation patterns
showing in resistant maize inbred lines (Figure 2.1C). AI664980 was another example
showing significant variations among samples with down-regulation patterns in resistant
maize inbred lines (Figure 2.1E). TC231674 was found highly expressed in the resistant
maize inbred line Mp718. It showed significant variations among samples with up
regulation patterns in resistant maize inbred lines (Figure 2.1D).
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Figure 2.1

An overview on the RT-qPCR gene expression data for the candidate genes
after normalized with the reference gene GAPDH

A.) Boxplots showing the distributions (median, spread, and outliers) of the gene
expression values for each candidate gene. The horizontal axis represents the gene IDs.
The vertical axis represents the relative delta Cq values. B-E.) Examples of scatterplots
showing trends in the expression values over the 72 samples for four selected genes. The
horizontal axis represents the 72 samples with different colors coded for the six maize
inbred lines. Samples 1-36 were collected at 2 DAI and samples 37-72 were at 7 DAI.
The vertical axis represents the relative delta Cq values.
Analysis of variance (ANOVA) was used to determine the significant levels of the
differentially expressed genes among different groups and to identify the sources of the
variations associated with maize resistance to aflatoxin accumulation. Contrasts for
ANOVA analysis were constructed among maize inbred lines (by pedigree) and between
resistant and susceptible groups (by RES). Table 2.4 showed the p values for each gene
obtained from ANOVA analysis based on the general linear models by RES, pedigree,
RES*INOC, or pedigree*INOC. Of the 56 genes analyzed, 23 were differentially
expressed among the tested maize inbred lines at a significance level of p<0.05 (Table
2.4, column Pedigree), and 17 were found significant in expression differences between
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the resistant group and the susceptible group at p<0.05 (Table 2.4, column Res). These
significant genes included the nucleoporins Nup133, Nup62, Nup160, Nup85, Nup88,
Nup53, UBC9, SUMO, and Sec13; the Survival Motor Neuron complex genes Ran,
TGS1, SPN1, IPOB, plcln, and PRMT5; the Exon-Junction Complex genes MAGOH,
Sap18, Ref_Aly. Most of the significant genes identified among the RNA transport
pathway genes were from the NPC and SMN protein complexes. Some of the previously
identified candidate genes BG266083, CD443591, BE050050, TC231674, CA399536,
AI065864, AI664980, TC238832, BM379345, and TC247683 were again found
differentially expressed in this research that had a set of germplasm different from the
previous studies5. None of the translation initiation factors (EIFs) were found
differentially expressed among the resistant maize lines and susceptible lines (Table 2.3
and 2.4).
Table 2.4

P values obtained by using analysis of variance (ANOVA) for all tested
genes between different contrasting groups

GENE ID

RES

PEDIGREE

RES by INOC

PEDIGREE by INOC

Nup133#*

6.85E-06#

1.07E-15*

9.06E-06

1.71E-14

Nup62#*

1.96E-05#

0.000934241*

2.07E-05

0.001574375

Ran#*

7.84E-05#

4.68E-05*

9.79E-05

0.000124295

BG266083#*

0.000760222#

5.48E-08*

0.000900728

1.95E-07

CD443591#*

0.001011978#

2.32E-06*

0.001049726

5.69E-06

BE050050#*

0.001477429#

0.020556229*

0.001616464

0.022687508

TC231674#*

0.001629489#

4.34E-17*

0.001891075

1.14E-15

CA399536#*

0.001821379#

6.43E-10*

0.002083541

3.01E-09

SPN1#*

0.002466566#

0.035539412*

0.002710653

0.040688655

Sap18#*

0.002781819#

0.000638323*

0.00289673

0.000910661

AI065864#*

0.002854662#

4.16E-30*

0.003046812

2.36E-30

AI664980#*

0.003382439#

0.06263276*

0.003848577

0.080973849

UBC9#*

0.004676791#

2.77E-05*

0.005275719

7.91E-05

THOC7#

0.025062924#

0.053049132

0.022244284

0.050063859
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Table 2.4 (continued)
Nup160#

0.038681499#

0.061780109

0.039487014

0.075999717

Ref_Aly#

0.04002563#

0.305000259

0.039914685

0.296859356

BM379345#*

0.041254015#

0.00305644*

0.042569074

0.004359345

Rae1

0.074822354

0.189985307

0.071777903

0.199925282

MAGOH*

0.083705888

0.012263152*

0.086877894

0.01828929

Gemin2

0.109430056

0.278073942

0.109846956

0.285886467

TC247683*

0.110272735

1.69E-05*

0.109958835

2.82E-05

THOC5

0.123659983

0.561576115

0.126237595

0.564615945

TGS1*

0.153359964

0.000933695*

0.157352443

0.001206472

RanGAP

0.165012818

0.323225827

0.165980776

0.350264571

BM078796

0.176571285

0.161989688

0.170022083

0.13998881

pinin

0.177138676

0.265426044

0.17581723

0.278794776

plcln*

0.187276309

4.29E-08*

0.191235837

8.35E-08

eIF5B

0.200763378

0.339198949

0.204002426

0.381158455

AI065909

0.208411015

0.244545466

0.205745798

0.252342955

BM498943

0.215685896

0.059314695

0.216795808

0.071322972

NMD3

0.267670961

0.263074967

0.268940316

0.275968665

eEF1A

0.280758999

0.069161183

0.283664394

0.088458125

PYM

0.329579917

0.441751167

0.327269603

0.460562856

eIF2

0.338916479

0.113125646

0.34270682

0.140936244

ACIN1

0.397054749

0.841492917

0.398470605

0.841896453

SUMO*

0.421678638

0.027676888*

0.42466696

0.036632958

eIF4E

0.430938336

0.114396136

0.428871994

0.122125126

CBC

0.444664816

0.083222119

0.445024629

0.087939214

CRM1

0.451961026

0.20491634

0.456955632

0.222852837

PAPB

0.474446141

0.785186063

0.47377122

0.789371648

Nup98

0.520779041

0.491404919

0.523641684

0.515304266

Nup53*

0.555509261

5.65E-05*

0.558261927

0.000127474

UAP56

0.557866549

0.344854255

0.559285991

0.364086021

TC207503

0.602504748

0.065869398

0.602795853

0.065693085

Nup85

0.649107717

0.15302179

0.653127094

0.176059677

Nup88*

0.666415513

0.008156039*

0.669772544

0.012650164

TC238832*

0.693399134

0.000301083*

0.694436938

0.00050016

Sec13*

0.700390081

0.039807357*

0.695923088

0.040694796

TC223736

0.70870598

0.704724564

0.705340869

0.693326914

Nup96

0.782725932

0.156130738

0.780095262

0.146805988

Tex1

0.81266049

0.649474045

0.810910727

0.650319502

IPOB*

0.820575413

0.008944226*

0.822316491

0.013708982
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Table 2.4 (continued)
Urn

0.879871826

0.712300347

0.880040238

0.712395487

eIF1

0.881820391

0.223508933

0.882667121

0.243135231

TC237311

0.934340407

0.078564895

0.934658645

0.085891538

PRMT5*

0.993641272

0.044085505*

0.993661343

0.048024231

#

*P values were obtained by performing ANOVA on the RT-qPCR data. The significance
level is p value < 0.05.
Correlations in gene expression between the tested maize genes
To determine if there were co-expression patterns in gene expression between all
pairs of the tested genes, correlation analysis was performed on gene expression values
and the correlation matrices were visualized by using R package “Corrgram”. Figures
2.2A-B were correlograms displaying the correlation matrices of Pearson’s coefficients
between selected pairs of genes. The genes displayed in Figure 2.2A-B were selected
from the significant genes identified from the ANOVA analysis presented in different
functional groups. Correlations displayed in a correlogram were organized in the order
that genes have similar expression patterns were grouped together. The signs and values
of the Pearson’s coefficients were reflected schematically with the correlation
coefficients and the 95% confidence intervals displayed at the lower triangle, whereas the
color-coded pie graphs in the upper triangle. Figure 2.2A showed expression correlations
among genes in the NPC and SMN protein complexes of maize RNA pathways along
with other previously identified candidate genes. Resistance related genes BE050050,
TC231674, and BM498943 were found positively correlated to each other with a
coefficient being at least 0.66. Resistance related gene TC238832 was highly correlated
with the SUMO gene, an ubiquitin related disease defense gene. Susceptibility related
gene AI664980 was found positively correlated to a nucleoporin gene Nup62 (0.88) and
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negatively correlated with a resistance related gene BE050050 (-0.97). Figure 2.2B
showed the expression correlations among selected RNA pathway genes in the EIFs,
EJC, and TREX protein complexes. Susceptibility related gene BG266083 was highly
correlated with Sap18 which was an Exon-Junction Complex gene. A TREX gene
THOC7 was found negatively correlated with the resistance related genes TC231674,
BE050050, and BM379345, which suggested that down-regulation of the THOC7 gene
was likely involved in maize defense responses.

Figure 2.2

Correlogram displays of correlation matrices for gene expression data

A) Pearson’s coefficients in genes from the NPC, SMN, RES, and SUS groups. B)
Pearson’s coefficients in genes from the EIFs, EJCs, TREX, RES, and SUS groups.
Correlations between genes are displayed in the order that genes have similar expression
patterns are grouped together. The pie graphs are filled in proportion to the Pearson’s
coefficient values, clockwise for positive correlations (in blue) and anti-clockwise for
negative correlations (in red). The numbers are Pearson’s coefficients with 95%
confidence intervals.
Figure 2.3 is an eigenvector plot showing the results from a Principal Component
analysis (PCA) on the correlation coefficients of the selected significant genes. The
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distance between genes in the correlation coefficients was illustrated by the angle formed
between the gene eigenvectors. The length of an eigenvector represents the largest
variance for each gene in the correlation coefficients. Gene eigenvectors placed close to
each other were more similar in the expression patterns and hence were more positively
correlated. For instance, THOC7 and Nup62 were found to be highly correlated with the
expression of the susceptibility related gene AI664980. On the other hand, UBC9 was
found to be positively correlated with the resistance related genes TC231674, BE050050,
and BM498943 genes.
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Figure 2.3

An eigenvector plot displaying the correlations on gene expression values
among the significant candidate genes.

The length of each eigenvectors represents the largest variance in the Pearson’s
coefficients for each gene. The ordering of the eigenvectors is based on the distance
between genes in terms of Pearson’s coefficients. Gene eigenvectors close to each other
are more positively correlated and hence the genes are more similar in the expression
patterns.
The inclusion of previously identified candidate genes in this research provided a
way to make some of the observations found in this study experimentally verifiable.
Based on the directions of the gene eigenvectors, the expression of resistance related gene
TC231674 (on chromosome 5, highly expressed in resistant maize inbred line Mp718)
was shown positively correlated with the expression of resistance related gene BE050050
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(close to maize resistance SSR marker bnlg2291 on chromosome 4) and negatively
correlated with the expression of the susceptibility related gene AI664980 (GRBP2,
highly expressed in susceptible maize inbred line Va35) across all the tested maize inbred
lines in this study. This observation was consistent with the previous findings on the
expression patterns of these defense related genes in a different set of germplasm where
TC231674 was found highly expressed in a different resistant maize inbred line
Mp313E12.
Determination of the roles and relations among the tested genes in the empirical
gene expression network
The genes selected from the RNA transport pathways were considered as
elements in a static gene network in terms of potential biological processes. In order to
determine the dynamic roles and relations in expression of these genes responsive to A.
flavus infection, we wanted to explore methods to construct empirical gene relational
networks that were based on the variations in the actual gene expression levels. To
achieve this goal, we conducted PCA on the gene expression data. The scores of the first
two principal components (pc1 and pc2) associated with each gene were used to calculate
a Euclidean distance matrix between all pairs of genes for the network construction.
Figures 2.4A-B were network graphs constructed based on the Euclidean distance
matrices. The vertices in the network represented genes. The edges represented the
Euclidean distance between each pair of genes on the pc1 x pc2 plane. To highlight genes
by protein complexes or groups, the vertices were color-coded for the seven different
groups where the genes were chosen from. Five of the groups (EIFs, EJC, NPC, SMN,
and TREX) represented the genes from different protein complexes in the RNA transport
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pathways and two groups (RES and SUS) represented the candidate genes selected from
previous studies which were included in this research. Figure 2.4A was the network
constructed for all the 56 genes in this study. The connectivity threshold was set
arbitrarily as the Euclidean distance value being 2 for an exploratory criterion. Twentyfour genes were connected in the network. Six resistance related genes, including
TC231674 and BE050050, appeared as isolates in the network. Two susceptibility related
genes BG266083 and AI065864 were not connected to any of the tested genes either.
Further experiment with more genes will be required to reveal genes closely related in
expression patters with these genes in the empirical expression relational networks
regarding maize defense. Figure 2.4B was a subgraph extracted from the same network
dataset to show the genes that were connected in the network at a threshold of 1.6 in the
Euclidean distance value. Seven genes (Nup88, eIF2, CD443591, CA399536, SPN1,
AI664980, and MAGOH) had the highest vertex degrees and were clustered closely
together, suggesting a co-expression pattern of these genes in response to A. flavus
infecton among the tested maize inbred lines. Two other centers (hubs) were also
revealed in the subgraph in Figure 2.4B. The resistance related gene BM379345 was
found at the center of co-expression with five tested genes (IPOB, Nup62, eEF1A, eIF2,
and Nup88). Nucleoporin genes Nup160, Sec13, and Rae1 were hubs for co-expression
with genes PYM, Ref_Aly, eIF5B, pinin, and TC247683. The hubs with multiple
connections were considered as genes of important roles in the network of cellular
functions. The susceptibility related gene AI664980 was found adjacent to multiple RNA
transport pathway genes including the Nup88, MAGOH, PAPB, and SPN1 genes and
appeared to play an important role in the defense related nucleocytoplasmic trafficking
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activities based on the statistical inferences from network analysis. Maize genes at the
centers in the network will be considered as important candidate genes and will be used
in priority for further maize DNA marker studies.

Figure 2.4

Network graphs showing the empirical relational structures revealed from
the gene expression data

A) A network built at a threshold of the Euclidean distance < 2 on all the tested 56 genes.
B) A subgraph built at a threshold of the Euclidean distance < 1.6 . The vertices were
color-coded to highlight genes in seven different subgroups. Five of the subgroups (EIFs,
EJC, NPC, SMN, and TREX) were from RNA transport pathways and two subgroups
(RES and SUS) were selected from previous studies. The hubs with multiple connections
indicate genes with important roles in the network of cellular functions.
Discussion
Numerous studies have shown that the resistant maize inbred lines exhibited
significantly low levels of aflatoxin accumulation. Determination of the mechanisms
underlying such maize host resistance to aflatoxin accumulation has been proven difficult
due to the complex nature of this quantitative trait. Many genes were found to be
involved in the maize host plant resistance. The exploration for methods to describe
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functional roles and relations of genes statistically using effective experimental designs
and empirical gene expression data will expedite the discovery of DNA markers and
uncover the mechanism of maize host resistance. In this study, we conducted RT-qPCR
gene expression analysis on 56 genes including genes from RNA transport pathways that
comprise the potential components of maize host resistance. The functions and relations
of the genes were examined from three aspects: 1) statistical analysis (ANOVA) on gene
expression data for the identification of differentially expressed genes and the
determination of the significance levels; 2) correlation analysis for delineation of genes
positively correlated or negatively correlated in response to A. flavus infection; and 3)
network analysis for depiction of relations of genes in the empirical functional network.
Significant genes related to maize defense to A. flavus infection were identified. Through
the application of multidisciplinary methods, a wealth of data was generated for data
mining and experimental validation. Evidence and supportive data have already been
found through complementary research projects. For example, two differentially
expressed genes, AI664980 and BG266083, which were found significant in the
susceptible maize inbred line Va35 from previous reports, showed high significance
again from this study in susceptible maize inbred lines (Mp04:85, Mp04:89, Va35).
These genes are known to be involved in plant responses toward various stress and
pathogens43 44. Statistical inferences drawn from our RT-qPCR gene expression analysis
indicated that genes in RNA transport pathways, especially in NPC and SMN complexes,
were highly significant and involved in maize resistance. One supporting example was
that the resistance related gene TC231674 found previously in a different maize resistant
inbred line Mp313E was highlighted again in the resistant maize inbred line Mp718.
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Interestingly, the highly expressed gene TC231674 found in two resistant inbred lines
was homologous to the human nucleoporin Nup85 but it was not the same gene as the
maize Nup85. The role of TC231674 gene in terms of interactions with maize nuclear
pore complexes (NPCs) is yet to be determined.
Numerous additional examples can be used to show the richness of data yielded
through the combination of the multidisciplinary methods in this study. One resistance
related gene TC238832 was found positively correlated to the SUMO gene in the nuclear
pore complex of the RNA transport pathway (Figure 2.2A). Figure 2.3 showed the
relationship between these two genes according to the respective eigenvectors. The small
angle between the two vectors represented a comparison of the Pearson’s coefficients and
a positive correlation between the TC238832 and SUMO genes. A similar but stronger
relationship was noticed between the resistance related gene BM379345 and the eIF5B
gene (Figure 2.2B), a translation initiation factor in the RNA transport pathway. The
nuclear cap-binding protein subunit 2 gene (CBC gene) was another gene found
positively correlated to both BM379345 and eIF5B. The positive correlations among
CBC, eIF5B, and the BM379345 genes showed relationships that hinted at the possibility
of these genes being related to resistance. By comparing these genes to the differentially
expressed genes associated with susceptibility or resistance, we can gain new insights on
the functions of the genes involved in the RNA transport and the plant defense
mechanisms.
A network was constructed showing maize genes closely related in terms of the
magnitudes and directions of their largest variances in the expression values among the
resistant and susceptible maize inbred lines. Applying network-based methods to describe
37

empirical gene expression data was an exploratory strategy we investigated to reveal
genes potentially important in the regulation of host-fungus defense responses. It
provided new strategies on prioritizing candidate genes. Information revealed by network
analysis also provided more insights into the roles of highly expressed resistance related
genes whose functions were yet to be characterized. While this study resulted in
promising results, more research and analysis, such as testing of DNA markers associated
with the resistance related genes, are required to verify the results and determine the
mechanisms of maize host plant resistance to Aspergillus flavus infection and alfatoxin
reduction.
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CHAPTER III
CONSTRUCTION OF CDNA LIBRARIES FOR CLONING OF GENES
ASSOCIATED WITH RESISTANCE TO ASPERGILLUS FLAVUS
INFECTION AND AFLATOXIN ACCUMULATION
IN MAIZE INBRED LINES

Abstract
Full-length cDNA libraries are principal tools for gene discovery and functional
analysis. They are widely used as the physical sources for gene cloning and
characterization. In order to isolate and functionally study the differentially expressed
genes associated with the resistance to A. flavus infection and aflatoxin accumulation,
cDNA libraries were constructed for six important maize inbred lines including Mp313E,
Mp715, Mp718, Mp719, Mp04-104, and va35. Total RNA of high quality was extracted
from developing kernels of the maize inbred lines. Mature mRNAs were purified from
the total RNAs and used for cDNA library construction. cDNAs were cloned into the
pDONR222 vector. The number of clones and the lengths of selected cDNA inserts were
determined for the cDNA libraries. Preliminary sequencing results from selected clones
revealed that the cDNAs contained full-length genes, indicating the high quality of the
cDNA libraries. This study provides important sources not only for studies on the
functions of the differentially expressed genes and proteins but also for identification of
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allelic forms of the resistance related genes to characterize gene polymorphisms and
facilitate the development of DNA markers.
Introduction
In recent years, comparative studies on gene expression profiling that are aimed at
the identification of differentially expressed genes have been extensively carried out at
genome-wide levels. Transcriptomics, the study of transcriptome, is designated to refer to
the expression profiling of all the transcripts in the genome. A transcriptome refers to the
total RNA molecules, including mRNA, rRNA, tRNA, and non-coding RNAs, which are
expressed in the cells at any given time under certain conditions. Transcriptomics
methodologies take advance of high-throughput techniques such as cDNA microarray,
RT-qPCR, and RNA-seq techniques. The detection of gene expression levels using
cDNA microarray and RT-qPCR techniques rely on the knowledge of previously
identified sequences of the transcripts45. On the other hand, the RNA-seq technique is
carried out in combination with the next-generation sequencing technology and
theoretically has the ability to detect any transcript expressed in a transcriptome46.
Transcriptomics studies require extensively computational power and generate huge
amount of digital data which are available in various databases and can be used digitally
for the identification of differentially expressed genes. Transcriptomics is an emerging
and continually growing field that has found many applications in comparative gene
expression studies.
Corn host plant resistance to A. flavus infection and aflatoxin accumulation is a
quantitative trait involving the expression of many genes in multiple defense pathways.
Previous studies have revealed several major quantitative trait loci (QTLs)11 47. The SSR
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DNA markers flanking the regions of QTLs are identified and used to perform markerassisted selection for breeding of corn resistance. Nevertheless, the transfer of the
resistance to the commercial corn lines by these SSR markers has been proven difficult
due to the complex nature of this quantitative trait. Many genes are proposed to be
involved in the corn host plant resistance to aflatoxin accumulation. By mapping
resistance QTLs using SSR DNA markers, researchers do not immediately know what
the resistance genes are and hence not be able to identify those genes and physically
isolate them. It is of great importance that QTL mapping is followed to the point of
identifying the individual genes. Transcriptomics approach provides a powerful tool that
reveals large number of differentially expressed genes in the digital format. The
exploration of effective methods to link the QTL mapping and the transcriptomics
profiling is required to expedite the discovery of DNA markers and facilitate the breeding
for corn host resistance.
A cDNA (complementary DNA) library is a collection of cloned cDNAs that
represent the expressed genes that encode a poly-A tail in the transcriptome. cDNAs are
produced from mature mRNAs. In contrast to the high through-put transcriptomics
studies which extensively involve partial sequences of the transcripts, information
obtained from cDNA libraries is powerful in that genes are full-length, can be expressed,
and gene products can be identified. cDNAs do not have introns and can be expressed in
prokaryotic cells. Therefore the cloned cDNAs can be sequenced and readily expressed in
bacterial cells for protein function analysis. cDNA libraries are most useful in reverse
genetics. It is useful for subsequently isolating the gene that codes for the differentially
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expressed mRNA. Full length cDNA library is an important tool for functional genomics,
widely used as physical resources for identifying genes and functions.
cDNAs, which are produced from mature mRNAs, can be produced by utilizing
several different methods. One in particular, which was employed for this experiment,
makes use of SuperScript® III Reverse Transcriptase to generate high quality yields of
cDNAs without using conventional restriction enzyme cloning methods. To begin, total
RNAs are obtained from samples and further purified to yield only mRNAs. With high
quality mRNA as the starting material, the first strand of cDNA can be synthesized by
utilizing a reverse transcriptase enzyme, which uses the starting mRNA as a template.
The first strand of cDNA is then used as a template for a DNA polymerase I to synthesize
a second strand of cDNA. Adapter molecules containing specific restriction sites are then
ligated to the double stranded cDNA fragment to produce double stranded attB-flanked
cDNA. Column chromatography is used to size fractionate the cDNA and eliminate
residual adapters. The resulting double stranded attB-flanked cDNA can then be cloned
directly into an attP-containing donor vector through site specific recombination without
the use of restriction digestion or ligation.
Previous transcriptomics studies using microarray and qRT-PCR methodologies
have revealed a number of differentially expressed candidate genes related to corn
resistance to A. flavus infection and aflatoxin accumulation12 48. However, the partial
sequences used in the transcriptomics methods often fail to provide adequate sequence
information for gene marker development. Full-length cDNA sequences are required to
characterize gene polymorphisms. The objectives of this study are to physically isolate
the differentially expressed genes by the construction and screening of cDNA libraries, to
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identify polymorphisms in the resistance related genes, and to develop DNA markers for
the incorporation of maize resistance into elite commercial maize lines.
Materials and Methods
Plant materials and experimental design
Five resistant maize inbred lines (Mp718, Mp719, Mp04:104, Mp313E, Mp715)
and one susceptible maize inbred line (Va35) were used in this experiment. The maize
inbred line seeds were maintained by the United States Department of Agriculture,
Agricultural Research Service, Corn Host Plant Resistance Research Unit (USDA-ARSCHPRRU) at Mississippi State University. All maize lines were planted at the R. R. Foil
Plant Science Farm at Mississippi State University. The experimental design was a
randomized complete block design including three replications and two treatments
(inoculated and un-inoculated with A. flavus) for each maize inbred line and two sample
collection time points (2 and 7 days after inoculation). All primary ears were selfpollinated. Fourteen days after pollination, the inoculation of A. flavus was performed
using the A. flavus strain NRRL 3357 (ATCC # 200026; SRRC 167). The procedure of
fungal culture preparation and the fungal inoculation with side-needle technique were the
same as described previously. Developing kernels from two and seven days after
inoculation, which was 16 and 21 days after self-pollination, were collected for RNA
preparation.
RNA extraction
Developing kernels were flash frozen in liquid nitrogen in the field, and stored at
–80°C for further analysis. Total RNAs were isolated from the kernels using the BioRad
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Aurum™ Total RNA Fatty and Fibrous Tissue kit. Frozen kernels were ground into
powder under liquid nitrogen and combined with PureZOL for disruption. Chloroform
was added to the sample for extraction of the aqueous phase containing the RNA. The
sample was subjected to DNase I treatment and followed by a series of washes and
centrifugation steps with solutions provided with the kit. Upon completion, total RNA
concentrations were determined using a NanoDrop® ND-1000 Spectrophotometer. The
Quality control assessments of total RNA was performed with an Agilent 2100
Bioanalyzer. RNA samples with a QC value RIN >8 were used for cDNA synthesis.
Each cDNA library was made from pooled total RNAs from the three replications for
each maize inbred line.
mRNA purification
From 75µg of total RNA, mRNA was purified by using Dynabeads® mRNA
Purification Kit (ambion by life technologies). The total volume of the starting 75µg of
total RNA was adjusted to 100µl with distilled DEPC-treated water and heated to 65ºC.
Dynabeads® were prepared by removing the supernatant, and adding binding
buffer to calibrate the beads. The total RNA was then added to the Dynabeads®/binding
buffer and mixed thoroughly. The tube containing the mix was then placed on a magnet
and the supernatant was removed. The mRNA-bead complex was then subjected to
washes with Washing Buffer B, with the supernatant removed between each wash. For
elution, 15µl of 10 mM Tris-HCl, pH 7.5 was then added to the complex and heated to
75ºC for 2 minutes. With the aid of the magnet, the eluted mRNA was transferred to
new, sterilized tube. General information about the kit can be found at
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http://www.lifetechnologies.com/us/en/home/references/protocols/nucleic-acidpurification-and-analysis/mrna-protocols/dynabeads-mrna-purification-kit.html.
cDNA library synthesis
cDNA libraries were synthesized using a CloneMiner™ II cDNA Library
Construction Kit and the protocol(User Guide from the manufactory) provided with the
kit. SuperScript® III Reverse Transcriptase is combined with Gateway® Technology to
produce high quality yields of cDNA libraries without using conventional restriction
enzyme cloning methods. Double stranded cDNA flanked on each end by attB sequences
are generated from single stranded mRNA. The double stranded attB-flanked cDNA can
then be cloned directly into an attP-containing vector through site specific recombination.

Figure 3.1

Experimental summary diagram of cDNA library construction procedures
from the manufactory user’s manual of the CloneMiner™ II cDNA Library
Construction Kit.
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Synthesizing first strand
Isolated mRNA obtained from previously described methods was used as the
starting materials for cDNA library synthesis by methods of the standard reaction. 3µg of
starting mRNA was diluted with DEPC-treated water so that the final volume of mRNA
plus DEPC-treated water was 9µl. The Biotin-attB2-Oligo(dT) Primer was added to the
diluted mRNA, mixed, incubated, and allowed to cool. A mixture of 4µl of 5X First
Strand Buffer, 2 µl of 0.1M DTT, and 1µl of 10 mM dNTPs was created and added to the
diluted starting mRNA/Primer mixture. The mixture was incubated followed by the
addition of 3µl of SuperScript® II Reverse Transcriptase, and an incubation period.
Second strand reaction
The following reagents were added to the first strand reaction: 91µl of DEPCtreated water, 30µl of 5X Second Strand Buffer, 3µl of 10mM dNTPs, 1µl of E. coli
DNA Ligase, 4µl of E. coli DNA Polymerase, and 1µl of E. coli RNase H. The contents
were mixed, incubated, and 2µl of T4 DNA Polymerase was added to generate bluntended cDNA. After a brief incubation, 10µl of 0.5M EDTA, pH 8.0 was added. The
reaction mixture was subjected to a Phenol/Chloroform Extraction using
phenol:chloroform:isoamyl alcohol in a ratio of 25:24:1, followed by Ethanol
Precipitation. 1µl of Glycogen, 80µl of 7.5M NH4OAc, and 600µl of 100% Ethanol was
added to the resulting aqueous phase from the phenol/chloroform extraction. The
mixture was subjected to several washes with 70% ethanol followed by centrifugation
and removal of the supernatant. The resulting cDNA pellet was allowed to dry and
resuspended in 22µl of DEPC-treated water.
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Ligating the attB1 Adapter
To the tube from the second strand reaction containing the double stranded, bluntended cDNA, the following reagents were added for ligation: 10µl of 5X Adapter buffer,
4µl of att B1 Adapter, 8µl of 0.1M DTT, and 6µl of T4 DNA Ligase. Contents were
mixed and incubated at 16ºC for 24 hours.
Size Fractionating cDNA by Column Chromatography
Before reaction mixtures were added to the columns, the columns were washed
with 0.8 mL of TEN buffer four different times. During the washes, each column was
observed for optimal flow rate and function to insure integrity and resolution of the
cDNA.
Collection was conducted using three different tubes for each column. Prior to
adding the samples to the column, 100µl of TEN buffer was added to each sample. The
mixture of cDNA and TEN buffer was then added to the column and the effluent was
collected in tube 1, followed by the addition of another 100µl to the column that was
collected in tube 1. Next, 240µl of TEN buffer was added to the column and the effluent
was collected in tube 2. Then, 80µl of TEN buffer was added to the column and the
effluent was collected in tube 3. Tube 2 and tube 3 contain the double stranded cDNA
molecules, but because the largest molecules are eluted from the column first, tube 2
contains more large size cDNA than tube 3. The effluent collected in tube 2 was used for
continuation of the cDNA library synthesis, while tube 3 effluent was saved for later use
if needed.
The effluent in tube 2 was then subjected to an Ethanol Precipitation by adding
glycogen, 7.5M NH4OAc, and 100% ethanol. The mixture was placed at -80ºC for thirty
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minutes and then centrifuged. Following removal of the supernatant, the sample was
subjected to washes with 70% ethanol with removal of the supernatant following each
wash. The cDNA pellet was allowed to dry and then re-suspended in 4µl of TE buffer.
Performing the BP recombination reaction
The BP recombination reaction was carried out using the attB-flanked cDNA
insert with a pDONR™ vector. The following were combined in a 1.5mL microcentrifuge tube: 4µl of attB-flanked cDNA, 2µl of pDONR™ 222, and 1µl of TE buffer,
pH 8.0. BP Clonase® II enzyme was thawed and mixed and 3µl of the enzyme was
added to each sample. The contents were then mixed, centrifuged, and incubated at 25ºC
for 20 hours.
Preparing for transformation
To stop the BP recombination reaction, proteinase K was added to each BP
reaction and the reactions were incubated at 37ºC for fifteen minutes and 75ºC for ten
minutes. 88µl of sterile water was then added to the reaction mix to bring it to a final
volume of 100µl. Ethanol Precipitation was carried with the same reagents and methods
as previously discussed, and the resulting cDNA pellet was re-suspended in 9µl of TE
buffer.
Transforming ElectroMAX™ DH10B™ T1 Phage Resistant Cells
Transformations were carried out using Life Technologies Cell Porator with Life
Technologies Voltage Booster. Electroporation was performed using the following
settings: Capacitance of 330, Charge Rate fast, and Voltage Booster set at 4 KΩ. A
DNA aliquot of 1.5µl was combined with 50µl of thawed ElectroMAX™ DH10B™
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competent cells and mixed. The mixture of DNA and competent cells was then
transferred to a cuvette, and the sample was electroporated. The electroporated cells
where then added to 1mL of S.O.C. medium. Upon completing electroporation for all the
samples and the addition of 1mL of S.O.C. medium, the cells were allowed to shake (type
of shaker) for 1 hour at 37ºC at 225 rpm. Following incubation, all cells representing one
library were pooled in a 15mL snap cap tube and combined with an equal volume of
freezing media(60% S.O.C. medium:40% glycerol). The resulting cDNA libraries were
stored at -80ºC.
Performing the plating assay
LB Broth (Miller) agar plates were prepared containing 50µg/mL of kanamycin,
0.45% v/v bromochloroindoxyl galactoside (X-GAL), and 0.045% v/v Isopropyl β-D-1thiogalactopyranoside (IPTG). cDNA libraries were serially diluted with S.O.C. medium
and plated on LB agar plates.
Picking of colonies and storage of libraries
Plating assay
Each library was plated on Genetix QTRAY square plates with 500 cm2 of
surface area containing LB, 50µg/mL of kanamycin, 0.45% v/v X-GAL, and 0.045% v/v
IPTG. Plates were incubated overnight at 37ºC. Following over night incubation plates
where stored at 10ºC until picking of the colonies could be performed.
Preparation of 384 well plates
Liquid LB media was created containing 50µg/mL of kanamycin and dispersed in
80µl aliquots into each well of a 384 well plate using a Genetix QFILL2. Prior to filling
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the wells of each plate, 70% ethanol was dispensed through the Genetix QFILL2,
followed by double distilled sterile water (ddH2O) to sanitize. Each well of the 384 well
plates were then filled with 80µl of medium.
Picking
Picking of colonies from each QTRAY square plate was performed using a
Genetix QPIX2. Each colony (that met the requirements) was picked and transferred to
its own well of the 384 well plates. Following completion of picking, the 384 well plates
were incubated over night at 37ºC to allow growth to occur. The 384 well were then
stored at -80ºC until printing could be performed.
Printing (gridding)
Printing was carried out using a Genetix QPIX2 and the accompanying computer
software. Filters were prepared by cutting filter paper equal in size to the membranes and
placing them in a liquid LB medium containing 50µg/mL of kanamycin. The filters were
then seated on printing blocks and (type) membranes were placed on top of the filters To
design the necessary printing protocol, the following settings were applied to the software
to allow trace back and identification of each well. Under the Source tab, Plate Holder
was set to HOTEL (9 HIGH), Plate Type was chosen as Genetix Plate 384X6001, and
Total Plates was set at 48. For Filter Design Actual, estimated spot size was chosen as
400 with 4 rows, 4 columns, and a Row Pitch and Column Pitch both set at 1000. Filter
Layout settings designated the Start Position as Front Left with a total of 15 filters. Print
settings were set to print 1 stamp per spot with a stamp time and inking time both set at
800ms and No Change in Print Depth Adjustment. Lastly, Sterilise settings were
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adjusted to allow for 4 Bath Cycles, a Dry Time of 5000ms, and a Wait After time of
1000ms.
Library Screening by Hybridization
Hybridization buffer
1 liter of Hybridization buffer was prepared with the following components:
500mL 0.5M sodium phosphate pH 7.2, 10g BSA fraction V, 70g SDS, and 2mL 0.5M
EDTA pH 8.0. BSA, SDS, and EDTA were added to 350mL of ddH2O. Once the BSA
and SDS had dissolved, sodium phosphate was added and the final volume of the solution
was adjusted to 1 liter with ddH2O.
Overgo Probe Preparation
Forward and Reverse primers from each overgo probe were re-suspended in
ddH2O separately to obtain a final concentration of 100µM. The forward (10µl) and
reverse (10µl) primers from each overgo were then combined in a fresh tube and diluted
with ddH2O (30µl) to a final concentration of 20µM.
Prehybridization
BAC filters were separated with a nylon mesh, rolled together, and placed in a
hybridization bottle. To each hybridization bottle, 200mL of hybridization buffer heated
to 65ºC was added. The bottles containing the filters and hybridization buffer were then
incubated in a hybridization chamber for 3 hours-O/N at 55ºC on rotation speed 7.
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Hybridization
Fifteen minutes prior to hybridization, the prehybridization buffer was removed
and 50mL of prewarmed hybridization buffer was added. Denatured probes were then
added to the tube and hybridized for 24 hours at 55ºC.
Washing/Developing
Probes were removed from the hybridization tubes and properly disposed .100mL
of pre-warmed wash buffer was then added to the tube and incubated for 30 minutes at
55ºC. Upon completion, the wash buffer was discarded and the wash was repeated.
Following the second wash, membranes were removed from the hybridization tubes and
placed in containers containing 1.5L of pre-warmed wash buffer and allowed to shake at
room temperature for 1 hour. Membranes were then removed, excess buffer was drained
from the membranes, and each was sealed separately in saran wrap and placed in
cassettes for overnight development. Developed membrane images were captured using
a STORM Imager.
Identification of Colonies
Images obtained from the STORM imager were analyzed to determine which
colonies contained genes that we were interested in. Methods used during the printing
technique allowed for determination of which well from the 384 well plates contained
those genes which we were interested in.
Sequencing
Colonies identified by previously described methods were chosen for plasmid
mini-preparation, which was executed using QIAprep® Spin Miniprep Kit (Qiagen). 5µl
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aliquots were taken from the 384 well plates and mixed with 2mL of LB liquid medium.
Samples were subjected to centrifugation at 12,000 rpm for 3 minutes at 25ºC. The
supernatant was discarded and the bacterial pellet was re-suspended in 250µl of Buffer
P1. 250µl of Buffer P2 was then added and the solution was mixed thoroughly, followed
by the addition of 350µl of Buffer N3. The mixture was then centrifuged at room
temperature for 10 minutes, and the supernatant was added to a QIAprep spin column.
The column was centrifuged and the flow through was removed. The column was then
subjected to washes with 500µl of Buffer PB and 750µl of Buffer PE, with centrifugation
and flow through removal steps following each wash. Upon completion of the washes,
DNA was eluted by applying 50µl of Buffer EB to the column and incubated at room
temperature for 1 minute followed by centrifugation for 1 minute. The purified plasmids
were then sent to SeqWright for single pass sequencing using M13F and M13R primers.
Analysis of Sequencing Data
Analysis of cDNA sequences are carried out by using the San Diego
Supercomputer Center (SDSC) Biology WorkBench (http://workbench.sdsc.edu/) to
remove vector sequences and perform sequence alignments. The physical positions of the
cDNA sequences on maize chromosomes are described by bin numbers which are labeled
by Core Bin Markers. The information of the bin numbers on each maize chromosome is
available in the Maize Genetics and Genome database (the Maize GDB). The physical
mapping (bin numbers) of the sequenced cDNA clones are determined by searching
(blast) for gene sequence positions in the B73 reference genome sequencing data through
Maize GDB.
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Results
Construction of six cDNA libraries
Developing kernels from five resistant maize inbred lines (Mp718, Mp719,
Mp04:104, Mp313E, Mp715) and one susceptible maize inbred line (Va35) were
collected as described in the method part. Total RNAs were extracted from each of the
three replications from each maize inbred line at each collecting time point and then
pooled to represent the transcripts in the developing kernels at two and seven days after
inoculation for each maize inbred line. High quality mRNAs were then purified and
cDNA libraries were constructed and stored in ordered 384-well plates as described in the
method part. Plasmid preparation was performed on sixteen randomly selected colonies
from the Mp313E cDNA library. The purified plasmids were then subjected to the BsrGI
restriction enzyme digestion to release the cDNA inserts from the vector. Figure 3.2
shows the sizes of the cloned cDNA inserts from fourteen of the selected cDNA clones
visualized on a 1% agarose gel and stained with ethidium bromide. All the sixteen cDNA
clones were followed by sequencing analysis.

Figure 3.2

Visualization of the sizes of the cDNA inserts from fourteen selected
cDNA clones on a 1% agarose gel
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Sequencing analysis on the randomly selected cDNA clones from Mp313E cDNA
library
Single pass sequencing was performed on the purified cDNA clones. Numbers of
the Phred 20 bases (indicating good sequencing quality) were above 800 (Figure 3.3,
3.4). Full-length cDNA sequences were revealed. Gene coding regions were around 1 kb
in length. It is worth to mention that a cDNA clone, which is designated as MA_S16,
encodes a mitochondrial pyruvate carrier. The function of this gene was just solved in
2012 and the studies on this gene resulted in three papers in Science in 201249 50 51.
MA_S16 is a randomly chosen cDNA from the Mp313E cDNA library, which indicating
the good quality of the constructed maize cDNA libraries.

Figure 3.3

A chromatogram example (MA_S1-M13F) from the sequenced cDNA
clones.
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Figure 3.4

A chromatogram example (MA_S3-M13F) from the sequenced cDNA
clones.

Analysis of polymorphisms in maize genes
Analysis of sequencing data from randomly selected Mp313E cDNA clones
revealed that full-length cDNAs were cloned which include 5’ untranslated regions, gene
coding regions, 3’ untranslated regions, and the poly A tails. The sequencing data
indicated a good quality of the cDNA libraries being constructed. By performing
sequence alignments with homologous genes obtained from searching the Genbank
database, Single Nucleotide Polymorphisms can be identified from the genes among
different maize lines showing the potential for DNA marker development (Figure 3.5,
3.6). SSRs and SNPs DNA markers can be potentially designed from the sequenced
cDNA clones and evaluated as gene-based markers to facilitate QTL analysis and
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marker-assisted breeding in the breeding populations derived from these resistant
genotypes.

Figure 3.5

cDNA sequence alignment from Mp313E and B73 showed SNP markers

(highlighted in pink color)
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Figure 3.6

cDNA sequence alignment from Mp313E and B73 showed SNP markers

(highlighted in blue color)
Screening of cDNA libraries for targeted differentially expressed maize genes
To test the potential of screening and isolating differentially expressed genes of
interest, membranes printed with cDNA clones were screened with two sets of maize
overgo probes (set 1: BE050050, BM078796, BM379345, BM498943; set2: BQ538849,
TC207503, TC231674, TC238832). cDNA clones showed hybridization to the overgo
probes were revealed (Figure3.7, 3.8, 3.9). Densitometric and the gridding positional
analysis of the hybridization spots revealed variations in hybridization intensity. The
darkest hybridization signals represented positive clones that contain the targeted
candidate genes, and thus those clones were picked for the subsequent sequencing
analysis.
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Figure 3.7

Hybridization Analysis showing membrane was hybridized with maize
overgo probes

Figure 3.8

Hybridization analysis showing one sixth of a whole memberane was
hybridized with maize overgo probes
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Figure 3.9

Hybridization of BE050050 probe resulting in the lower dark signal.

This clone was picked for the subsequent sequencing analysis
The cDNA clone sequence picked by hybridizing with the BE050050 probe
The cDNA clone obtained from the hybridization with the BE050050 probe is
designated as MA_S21. Single pass sequencing from both of the M13F and M13R
directions were ordered. BE050050 (Chr 4, bin 4.05) is a previously identified
differentially expressed candidate gene that has no known functions and its full-length
sequence is not available. It is located within the chromosome 4 region where a major
QTL (Chr 4, 4.05–4.06) was identified from two of the QTL mapping populations (Va35
x Mp313E and B73 x Mp313E). Sequence analysis revealed that MA_S21 cDNA clone
contained a full-length gene coding frame. The physical mapping of MA_S21 cDNA on
the B73 maize reference genome sequence indicated that MA_S21 is located in the 4.05
region of maize chromosome 4, within the same bin region of BE050050 (Figure 3.10).
Blast search through GenBank resulted in four hits of maize genes with three having
unidentified functions and one having encoding a cysteine-type endopeptidase/ ubiquitin
thiolesterase (Figure 3.10, 3.11). MA_S21 revealed a new candidate gene located within
the maize chromosome 4 resistance QTL region and is tentatively of interest. Further
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probing and verification are required. Gene expression analysis from the precise sequence
of MA_S21 needs to be performed inorder to determine the gene function.

Figure 3.10

Physical mapping of MA_S21 gene sequence indicates that it is located at
the chr 4.05 region
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Figure 3.11

Alignment of MA_S21 gene with four hit maize cDNA sequences from
Genbank.
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Figure 3.11 (continued)
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Figure 3.11 (continued)
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Figure 3.11 (continued)
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Figure 3.11 (continued)
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Figure 3.11 (continued)
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Figure 3.11 (continued)
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Figure 3.11 (continued)
Discussion
We have successfully purified high quality mRNAs and constructed six cDNA
libraries for maize inbred lines that are important in our breeding programs for resistance
to A. flavus resistance and aflatoxin accumulation. This study brings new insights into
69

functional studies of differentially expressed candidate genes and defense mechanisms of
the maize host resistance. Characterization of full-length cDNAs is fundamental for
resistance gene discovery and gene-based DNA marker development. This approach
provides the ability to specifically target and study the differentially expressed genes in
an efficient manner in functional genomics research.
Transcriptomics approaches for gene discovery coupled with studies of QTLs,
genome sequencing, and precise phenotyping are expected to be more effective in DNA
marker discovery for the improvement of plant host resistance. Progress towards
identification of genes underlying traits of interest by map-based cloning has been
hampered by the laborious nature of the process. Emphasis has been given to
transcriptome profiling including candidate gene identification and gene expression
analysis. Transcriptomics approaches, such as microarray and RNA-seq analysis, allow
genome-wide comparative studies on the discovery of differentially expressed candidate
genes. It is through the cloning and screening of cDNA libraries that the candidate genes
can be isolated, sequenced, and functionally studied. It will provide fundamental
information for the integration of gene-based markers into genetic maps that are required
for the fine mapping of quantitative trait loci essential for the applied genetics and
breeding programs.
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